Untreated cells of three Gram-negative and four Gram-positive bacteria were resistant to lysis by crude and crystallbe trypsin. The resistance of the Gramnegative organisms to lysis by trypsin was abolished by heating suspensions for 5 min. at 100' ; the rates and extent of lysis of the three organisms by crude trypsin were comparable. After maximal lysis of heated suspensions of BaCteTiesm coZi and Pset,&mmaS$wescm by crude trypsin, examination of the residual material in the electron microscope showed that cell walls were the principal components. When heated suspensions of Mierococcus Zysodeikticus, BaCilZw mgd&um and Staphylococcus a u r m were incubated with crude or crystalline trypsin, slow lysis occurred and the extent of lysis was less than that observed for the Gram-negative bacteria. Electron microscopic examination of trypsin-lysed cells of B. m e g M u m showed incomplete digestion of cytoplasmic contents. Heated and autochved cells of S&eptocwcczas f u e d i s were resistant to digestion with trypsin.
One of the most elegant methods of studying the nature and location of surface components of the bacterial cell has been that afforded by the action of certain enzymes. Capsules and other superficial layers of living bacterial cells have been removed enzymically without impairing cell viability. Enzymic degradation of type I11 pneumococcus polysaccharide capsule (Dubos & Avery, 1931) and removal of the M-protein antigen from haemolytic streptococci (Lancefield, 1948) were achieved without death of the organisms. However, certain enzymes such as lysozyme (Fleming, 1922) bring about the death and rapid dissolution of susceptible bacteria. It has been known for some time that lysozyme digests a cellular component essential for the maintenance of the cell's morphological structure (Epstein & Chain, 1940) . That lysoxyme effects a dissolution of the rigid cell-wall structure of Micrococcz~s Zysodeikticw has now been established directly by studying the action of crystalline lysozyme from egg-white on the separated walls of this organism (Salton, 1952~) . At least one other enzyme system is capable of degrading cell walls of bacteria other than those attacked by lysozyme . Maxted (1948) showed that the enzymes produced by a Streptmyces sp. lysed suspensions of living /I-haemolytic streptococci. Rapid lysis of turbid suspensions of separated cell walls of Strep. pyogems by an enzyme preparation from Streptomyces sp. (obtained by Maxted's procedure) was reported by Salton (1952 investigated the lysis of group A haemolytic streptococci Enzymic lysis of bacteria 513 by the extracellular enzymes of S#rtydtmgw albzss and conaluded that the same enzyme fractions which were effective in lysing intact cells of group A streptococci also dissolved the isolated cell walls. Thus enzymes such as lysozyme and those of S. albw which are capable of lysing intact organisms, appear to have a primary lytic action upon the cell walls.
The nature and properties of the bacteriolytic substances produced by various micro-organisms have been the subject of many investigations (Waksman, 1947;  Welsch, 1947; Jones, Swallow & Webb, 1948; Muggleton & Webb, 1952;  Tai & van Heyningen, 1951; Born, 1952) . Both heat-killed bacteria and living organisms dispersed in agar have been used extensively for the detection and isolation of soil micro-organisms which produce bacteriolytic enzymes. However, it has been =cult to judge whether lytic activities were due to a primary attack on the bacterial cell walls or to other processes involving secondary lysis by proteolytic enzymes. There can be little doubt as to the importance of proteolytic enzymes in the lysis of heated bacteria. Indeed, as early as 1909, Kantorowicz reported that Gram-negative bacteria became susceptible to lysis by trypsin after they had been heated a t 80°, whereas Gram-positive organisms were resistant to trypsin lysis even after boiling. The loss of resistance to digestion by trypsin which bacterial cells undergo on heating and the greater susceptibility of heat-killed, Gramnegative bacteria to lysis by proteolytic enzymes have never been adequately explained. Observations showing that heat-treatment resulted in rupture of the cell walls of certain bacteria (Salton & Horne, 1951a) suggested that susceptibility of heated bacteria to lysis by proteolytic enzymes may be governed by the nature of the cell wall and the effects of heat thereon. Indeed, the cell walls of Gram-negative bacteria generally showed extensive rupture on heating at temperatures above 7 5 O , whereas the walls of Gram-positive bacteria showed little or no rupture even on heating a t 100" (Salton, 1951) . The present investigations were undertaken to determine the fate of the cell walls during; enzymic lysis of heated bacteria, thereby to obtain some indication of the suitability of using heat-killed bacteria for the isolation of cell-wall decomposing micro-organisms.
METHODS
O r g a n W . The Tzcrbidimet& study of l y h . The lytic action of the enzymes was studied with the following types of preparations: (1) untreated bacteria suspended in 0-1M-phosphate buffers; (2) cell suspensions which had been subjected to heating at looo; thick suspensions of bacteria were pipetted into large volumes of distilled water held in a water-bath at loo", and the suspensions were heated at 100" for 5 min. Heated suspensions were cooled, centrifuged, and the deposits washed once with distilled water and finally suspended in The Klett-Summerson photoelectric colorimeter with a green filter (no. 54, spectral range 500-570 mp.) was used throughout the investigation for measuring turbidities. Suspension densities of untreated bacteria, heated cells and cell walls in O*lM-phosphate buffers were adjusted to give final Klett readings of C. 400, corresponding to dry weights of c 1-5 mg. cells or cell walls/ml. ; 9.9 ml. of each suspension were pipetted into Klett tubes which were then placed in a constant-temperature water bath at 87". To these tubes 0.1 ml. of enzyme preparation in buffer or 0-1 ml. of buffer (control tubes) was added and the contents thoroughly mixed. Tubes were shaken each time before reading at various intervals in the photoelectric colorirneter.
Prepardima of &a1 for electron microscopy. Suspensions were centrifuged for 15 min. at 10,000 r.p.m. after which the deposits were washed once with phosphate buffer and three times with distilled water on the high-speed centrifuge. The material was finally suspended in distilled water and diluted suitably for placement on electron microscope grids.
RESULTS

Lysis experiments with Gram-negative bacteria
Untreated suspensions of Bact. coli, Ps.$wrescens and Sp. serpens in phosphate buffer were incubated for 2 hr. at 87" with: (1) crude trypsin, 1 mg./ml., pH 7.6; (2) crystalline trypsin, lOOpg./ml., pH 7.6; ( 8 ) crystalline ribonuclease, 50,ug./ml. pH 7-6; (4) crystalline lysozyme concentrations of 100,ug. and 1 mg./ml., pH 6.2. Turbidity readings of control and enzyme-treated suspensions taken at intervals over the incubation period showed no significant differences. Addition of lysozyme (1 mg./ml.) to bacterial suspensions brought IP: 54.70. 40.11 On: Sat, 08 Dec 2018 17:06:31
Enzymic ly& of bacteria 515 about agglutination of the cells. The cells could be redispersed merely by shaking the tubes, and no change in the turbidities of suspensions was observed. Agglutination of bacterial cells by lysozyme has often been encountered in the past (see Thompson, 1940) .
The addition of crude or crystalline trypsin to heat-killed suspensions of Bact. coli in phosphate buffer (pH7.6) brought about a rapid decrease in turbidity; no such change occurred in control suspensions of heated cells. Incubation of suspensions of heated Bact. coli with crystalline ribonuclease resulted in a small (c. 5 %) but consistent decrease in turbidity within 15 min.
at 87O, no further change being apparent on continued incubation. The course of lysis of suspensions of heated Bact. coli by crude trypsin (1 mg./ml., pH 7*6), crystalline trypsin (lOO,ug./ml., pH 7.6) and crystalline ribonuclease (50pg./ml., pH 7.6) is illustrated in Fig. 1 . Similar lysis curves were also obtained when crude trypsin was added to suspensions of heated Ps.Jluorescerzs and Sp. serpens.
Typical results of lysis experiments with Ps. JEzcorescm When lysozyme was added to suspensions of heated Bad. coli and Pa. $ w e~w e m in phosphate buffer (pH 6.2) at 3 7 ' (final concentration of lysozyme, 1 mg./ml.) turbidity increases of 20 and 30 % respectively were observed. The addition of lysozyme resulted in an immediate increase in turbidity which remained unchanged for periods of up to 12 hr. It appeared likely that the basic properties of the lysozyme, rather than its enzymic capabilities, may have been responsible for the increase in turbidities. This possibility was strengthened by the observation of a similar phenomenon when the protamine, salmine, was added to suspensions of heated Bad. coli in phosphate buffer, pH 6. 9 
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The results presented in Table 1 have shown that lysis of heated suspensions of Bad. coli and Ps. j t w r e m m by .crude trypsin was virtually completed in 1 hr., and that the residual material accounted for 17 and 16 yo of the original turbidities of the suspensions. An examination of the material left after maximal clearing (2 hr. at 87") of the suspensions by crude trypsin was carried out with the aid of the electron microscope. The residues from trypsin-lysed Bact. coli and Ps, Jlzlorescens are shown in P1. 1, figs. 1 and 2, respectively.
It is evident that the cell w& constitute the principal component of the residues from these organisms. Zn addition to the cell walls of Ps. Jlzlorescens (Pl. 1, fig. 2 ) there would appear to be another layer of material which has also resisted digestion with trypsin.
,
Lysis experiments with Gram-positive bacteria
Micrococezcs lyso&eiktieus. Turbidity measurements performed on suspensions of unheated cells of M. Zysodeih$icus in phosphate buffer (pH 7.6) containing either crude trypsin (1 mg./ml.), crystalline trypsin (lOOpg./ml.) or crystalline ribonuclease (50pg./ml.) showed no differences from control suspensions in buffer alone, when incubated for 2 hr. a t 37". Unheated cells of this organism in phosphate buffer (pH 6.2) were rapidly lysed on incubation with lysozyme at 87". The lysis curve obtained with 5pg. lysozyme/ml. is shown in Fig. 2 (curve 2). Lysis of M. lysod&ticzls with a high concentration of lysozyme (1 mg./ml.) resulted in only a 30 yo decrease in turbidity in 15 min. (compared to 941 yo with 5pg. lysozyme/ml.) and no further lysis occurred on incubation for 1 hr. at 37".
Lysis of heated cells of M. Zysodeihdicus was investigated under the following conditions: (1) incubation with lysozyme, 5pg./ml., pH 6.2,60 min. ;
(2) treatment with lysozyme as in (1) for 30 min., followed by sedimentation of the cells, resuspension in phosphate buffer a t pH 7.6 and incubation with crude trypsin (1 mg./ml.); ( 8 ) incubation with crude trypsin, 1 mg./ml., pH 7.6, 60 min.; ( 8 ) control suspensions in phosphate buffers, pH 6.2 and 7-6. Experiments were performed at 37", and the course of lysis followed turbidimetrically. The results are presented in Fig. 2 which shows for comparison the lysis of unheated M. lyso&ilcticzls by lysozyme. A lysis curve similar to that shown for crude trypsin (Fig. 2 , curve 5) was obtained when heated cells were incubated with crystalline trypsin (100 pg./ml.) and the percentage lysis in 1 hr. (87") was 26% compared to 28% with crude trypsin (1 mg./ml.). Incubation of heated cells with crystalline ribonuclease (50,ug./ml., pH 7.6) resulted in a 4I-5Y0 decrease in turbidity within 15 min. at 37O; no further change on incubation for 1 hr. could be detected.
Suspensions of heated N. Zysodeihdiw examined in the electron microscope before and after treatment with 5pg. lysozyme/ml. (pH 6.2, 37") for 60 min. showed that the turbidity decrease (Fig. 2, curve 8 ) occurred concomitantly with digestion of the cell walls. Baeillzls megatmiurn. Rapid dissolution of the separated cell walls of M. lysodeileticewf by lysozyme, was demonstrated in an earlier communication (Salton, 1952a) . Cell walls of B. megatidurn were prepared (Pl. 1, fig. 8 Enzymic lysis of bacteria 517 a typiCal-field of the preparation) in order to determine whether lysozyme also effected lysis of the walls of this organism, Suspensions of cell walls in phosphate buffer (pH 6.2) were incubated with lysozyme cpcentrations of 50pg. and lOOpg./ml. at 37O, and turbidity measurements were made on control and lysozyme-treated suspensions. The progress of lysis of the walls by lysozyme is shown in Fig. 8 . No change in turbidity resulted from incubation of cell walls in phosphate buffer (pH 7.6) with crude trypsin (1 mg./ml.) or crystalline trypsin (loopg./ml.) for 1 hr. at 3 7 ' (Fig. 8) . treated and heated cells suspended in buf€er (pH's 6-2 and 7.6) alone; curve 2, lysis of unheated cells with crystalline lysozyme--5pg./ml., pH6.2; curve 8, heated cells incubated with crystalline lysozym+!jpg./ml., pH 6.2; curve 4, heated cells incubated with lysozyme as in curve 3 for 30 min., followed by sedimentation of the cells, resuspension in buffer at pH 7.6 and incubation with crude trypsin-1 mg./ml.; curve 5, lysis of heated cells with crude trypsin-1 mg./ml., pH 7.6.
No lysis of unheated B. megateriurn cells was detected on incubation with crude trypsin, crystalline trypsin or crystalline ribonuclease under similar conditions to those used with other organisrqs. Lysozyme (lOOpg./ml.) rapidly lysed untreated cells as shown in Fig. 4 (curve 1) but the extent of lysis was less than that observed for B. Zysodeilcticus. The addition of crude trypsin (1 mg./ ml., final concentration) to suspensions of lysozyme-lysed B. meguferium resulted in a rapid fall in turbidity (Fig. 4, curve 2) even a t pH 6.2, a lower pH than that normally employed for tryptic digestion of proteins.
H e a t e d suspensions of B. megaierium showed no lysis when treated with lysozyme (lOO,ug./ml., pH 6.2). Indeed, an immediate increase in turbidity was observed and the phenomenon is illustrated in Fig. 4, curve 4 (pH 6-2) for 60 min. at 87" were examined in the electron microscope. The appearance of heated Cells is shown in P1.l, fig. 4, P1.2, fig. 5 , and the heated cells treated with lysozyme are illustrated in P1. 2, fig. 6 . Although the turbidity of heated suspensions of B. megaterium was increased on incubation with lysozyme, examination in the electron microscope clearly showed the complete removal of the cell walls. Many short rods with square ends were observed in the heated B. rnegaterium preparation which had been treated with lysozyme. These 'short rods' are undoubtedly similar to the 'small bacilli' observed by Welshimer & Robinow (1949) in both formaldehyde-treated and heated B. megaterium preparations, treated with lysozyme. There can be little doubt that the dissolution of the cross-walls of multicellular units of B. megaterium by lysozyme is responsible for ( a ) an increase in turbidity due to the breakdown of large multicellular rods into a greater number of ' small bacilli '
and (b) the appearance of many short rods with characteristic square ends. Heated suspensions of B. megatecrium were treated with 1OOpg. lysozyme/ml. for 30 min. a t 37" and the coagulated protoplasmic bodies corresponding to those illustrated in P1.2, fig. 6 , were sedimented and the deposits resuspended in phosphate buffer, pH 7-6 and incubated with crude trypsin (1 mg./ml.) at 8 7 ' . Under these conditions rapid lysis occurred and the course of lysis is shown in Fig. 4, curve 5 . Incubation of heated cells with crude trypsin resulted in a low, steady rate of lysis as shown in Fig. 4, curve 6 . The extent and rate of lysis of heated B. meg&ium with crystalline trypsin (loOpg./ml.) were comparable to those shown for crude trypsin (1 mg./ml.) in Fig. 4 (curve 6) . The average percentage lysis in 1 hr. at 37" was 1045% for crystalline trypsin (lOO,ug./ml.) compared to 12.1 % for crude trypsin (1 mg./ml.) and on further incubation for a total of 3hr. a t 3 7 ' the percentage lysis had increased to 80 and 36 % respectively. Heated cells of B. megaterium were examined in the electron microscope after incubation with 1 mg. crude trypsin/ml. in phosphate buffer (pH 7.6) for 2 hr. a t 37" (lysis, c. 24%). P1. 2, figs. 7, 8, show the typical appearance of the trypsin-lysed cells. Despite the intact appearance of the cell walls of heated cells and of unheated trypsin-lysed cells, a comparison of the heated cells (Pl. 1, fig. 4, P1. 2, fig. 5 ) with those incubated with crude trypsin demonstrates the loss of electron-dense material due to digestion of the protoplasmic contents.
Heat-killed B. megaterium incubated with crystalline ribonuclease (50pg.l d.) in phosphate buffer, pH 7.6, at 3 7 ' , consistently showed a reduction in turbidity of c. 4 % within 15 min., after which no further change in turbidity occurred on incubation for periods of up to 3 hr.
Staphylococcus aurm. Unheated cells of Staph. aureus suspended in phosphate buffer were incubated with several concentrations of lysozyme (50pg., lOOpg., and 1 mg./ml., pH 6.2) and crude trypsin (1 mg./ml., pH 7.6). No differences between turbidities of control, lysozyme-treated and crude trypsintreated suspensions could be detected on incubation for 2 hr. a t 87". Enzymic lysis of bacteria 519 crude trypsin (1 mg./ml,), lysozyme (lOOpg./ml.) and lysozyme (lOOpg./ml., pH 6.2) followed by treatment with crude trypsin (1 mg./ml., pH 7.6). The results are summarized in Table 2 . The enhanced trypsin lysis of heated cells of Stuph. uzcreus that have been previously exposed to lysozyme is in agreement with the results reported by Webb (1918). cell walls incubated with 1OOpg. crystalline lysozyme/ml., pH 6.2; A-A, cell walls incubated with 50pg. crystalline lysozyme/ml., pR 6-52. F'ig. 4 . Enzymic lysis of B. megutmiurn in 0.lM-phosphate buffer at 3 7 ' . Curve 1, lysis of unheated cells by crgstalline lymqme-lOOpg./ml., pH 6.2; curve 2, unheated cells lysed with lysozyme as in curve 1 for 30 min. followed by the addition of crude trypsin (1 mg./ml. final concentration), pH 6.2; curve 3, heated cells suspended in buffer (pH's64 and 7.6) alone; curve 4, heated cells incubated with 1OOpg. cryatslline lysortgme/ml., pH 6.2; curve 5, heated cells treated with lOOpg. crystalline lysozyme/d. for 80 min. at pH 6.2 (as in curve 1) followed by sedimentation of the cells, resuspension in buffer at pH 7.6 and incubation with crude trypsin (1 mg./ml.) ; curve 6, heated cells incubated with crude trypsin-1 mg./ml., pH 7.6.
Lysis of heated cells was investigated by incubating suspensions with
Strqbcoccusfaecalis.
There was no evidence of lysis of unheated suspensions of Strep. faecalis on incubation with crude trypsin (1 mg./ml., pH 7.6) or lysozyme (lOOpg./ml., pH 6-2) for 2 hr. at 87'. Heated cells of this organism showed no lysis on incubation with crude trypsin (1 mg./ml.), nor was their turbidity affected by the presence of lysozyme (lOO,ug./ml.). Repeated attempts to detect lysis of heated cells of Strep. fzecdw during extended periods of incubation at 3 7 ' with crude trypsin (1 mg./ml.) were without success. Indeed, cells autoclaved for 20 min. at 120°, centrifuged and resuspended in phosphate buffer (pH 7.6) were not lysed by crude trypsin (1 mg./ ml.) or crystalline trypsin (lOOpg./ml.) on incubation at 3 7 ' for up to 12 hr.
The resistance of heated Strep. faecaaiS to digestion with trypsin is similar to that recently reported for group A streptococci by McCarty (1952u, b) . 
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DISCUSSION
There can be little doubt that the resistance of living bacteria to digestion by proteolytic enzymes, such as trypsin, is largely due to the nature of their cell walls. The resistance of bacterial cell walls to dissolution by trypsin has been adequately demonstrated by the use of this enzyme in certain stages of the preparation of cell walls (Weidel, 1951 ; McCarty, 1952 b) . The M-protein antigen retained by the cell walls of mechanically disintegrated Strep. pyogenes has been removed with trypsin without affecting the rigidity or appearance of the cell walls (Salton, 1952b (Salton, , 1953 . Furthermore, the turbidity of separated cell walls of B. naeg&ium was unsected by incubation with crude or crystalline trypsin (see Fig. 3 ).
The complete loss of resistance to lysis with trypsin that Gram-negative bacteria undergo on heating can now be explained in terms of damage to the bacterial cell wall. The walls of Gram-negative bacteria are ruptured on heating (Salton & Horne, 1951~) thereby exposing the coagulated protoplasmic contents of the cell to the direct action of proteolytic enzymes. Earlier work (Kantorowicz, 1909; Tai & van Heyningen, 1951) showed that Gram-negative bacteria become highly susceptible to tryptic digestion on heating a t temperatures of c. 70-80°, and this coincides remarkably well with the temperature range (70-75O) within which cell wall rupture or damage first becomes apparent (Salton & Horne, 1951~) . In the absence of direct microscopical evidence it might have been argued that heating renders both the cell walls and protoplasmic contents of Gram-negative bacteria susceptible to digestion with trypsin. However, cell walls are the principal trypsinresistant structures found in the residues from heated suspensions of certain IP: 54.70. 40.11 On: Sat, 08 Dec 2018 17:06:31
Enzymic lysis of bacteria 521 Gramnegative bacteria that have been lysed with trypsin (see P1.1, figs. 1,2). Salton (19623, 1958) found that the cell walls of several Gramnegative bacteria contained considerably more lipid than do any of the walls of Grampositive organisms, and that the cell walls of Gram-negative and Grampositive bacteria differ in their amino-acid constitution. Whether the susceptibility of the cell walls of Gram-negative bacteria to rupture or damage on heating is due to the high lipid content or the nature of the protein component cannot be decided at the moment. A detailed comparison of the constitution of cell walls prepared by heat-treatment rupture or by mechanical disintegration (Salton & Home, 1951b ) may provide evidence on this point. It is also conceivable that a melting of the lipid components, instead of actual rupture of the cell walls on heating Gram-negative bacteria, would equally render the coagulated protoplasm vulnerable to digestion with proteolytic enzymes.
There is general agreement that heat-killed Gram-positive organisms are more resistant to lysis with proteolytic enzymes than are heated Gramnegative bacteria. Not all heated Gram-positive bacteria are completely resistant to lysis with crystalline trypsin, e.g. pneumococci studied by Dubos (1987) and certain organisms studied in the present investigation. Although very little or no cell-wall rupture can be detected on heating Grampositive organisms (Salton & Horne, 1951a; Salton, 1951; and P1.l, fig. 4, P1.2, fig. 5 , of this paper) the cells have been modified sufEciently to allow the penetration of trypsin molecules with subsequent digestion of the coagulated protoplasmic contents (see P1. 2, figs. 7, 8) . The greater resistance of heat-killed Grampositive bacteria to trypsin lysis does not appear to be a property of the coagulated protoplasm of these organisms, for it has been adequately demonstrated that enzymic degradation of the cell walls of heated bacteria greatly facilitates tryptic digestion. It is clear, therefore, that the resistance of heated Gram-positive bacteria to digestion by proteolytic enzymes is largely governed by the nature of the cell walls.
The evidence presented in this paper illustrates the unsuitability of heated bacterial cells as a substrate for the detection of enzymes which decompose cell walls. Extensive lysis of heated Gram-negative bacteria can be effected with the proteolytic enzyme, trypsin, without dissolution of the cell walls. The unsuitability of using heat-killed bacteria for the detection of enzymes which degrade cell walls is further shown by the action of lysozyme on heated B. megaterizlm. There is abundant evidence that enzymic lysis of suspensions of living organisms is correlated with the dissolution of the separated cell walls by the lytic enzyme. However, the production of lytic zones by the growth of soil micro-organisms on nutrient agar inoculated with living bacteria may well be the result of the combined action of bactericidal substances and of proteolytic enzymes. The isolation of micro-organisms which produce lytic zones on agar containing sufficient quantities of separated cell walls to give an opaque medium, would appear to offer favourable conditions for the selection of organisms capable of producing cell-wall decomposing enzymes. 
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EXPLANATION OF PLATES
All photorJraplls are electron micrographs of preparations shadowed with uranium. The electron-dense spheres are polystyFene latex indicator particles. FYg. 7, x 16,000; fig. 8, x 18,000. (Receiwed 22 Juw 1958)
